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Abstract

:

Feeding patterns of sheepshead, Archosargus probatocephalus, in the northwest Gulf of Mexico were examined from samples collected at two locations in Texas, USA; Galveston and Port Aransas. A total of 53 sheepshead stomachs (Galveston, n = 35; Port Aransas, n = 18) had their contents analyzed along with tissue samples from the muscle and liver for a stable isotope analysis (δ13C, δ15N, and δ34S) because they provide a contrast between short-term (liver) and long-term (muscle) measurements. Multiple species of amphipods made up the majority of the prey items in sheepshead from Galveston (%IRI = 61.79), whereas barnacles were the primary diet item for sheepshead collected in Port Aransas (%IRI = 39.53). We observed diet shifts prior to and during the spawning season. MANOVA revealed significant differences in δ13C, δ15N, and δ34S stable isotope values from the muscle and liver tissue of sheepshead based on the location. In both muscle and liver samples, δ13C values were lower in Galveston than Port Aransas, but δ15N and δ34S values were higher in Galveston than Port Aransas. Niche size and overlap also differed between sheepshead from both locations and tissue types. Sheepshead collected in Galveston had a larger niche size in the muscle and liver samples ((mean ± SD) 479.3 ± 131.2, muscle; 433.3 ± 120.3, liver) than Port Aransas (178.8 ± 54.3, muscle; 270.0 ± 80.9, liver). The trophic niche of sheepshead from Galveston overlapped Port Aransas in muscle samples by 16.47% and 18.56% in liver samples. The trophic niche overlap of sheepshead from Port Aransas measured in muscle samples overlapped with sheepshead from Galveston by 18.49% and by 39.17% in liver samples. This study shows that there are subtle but significant differences between the diets of sheepshead along the Texas coast, with the majority of the differences potentially attributable to differences in the prey field along the natural salinity gradient of the Texas coast. This work provides an insight into the widely generalist grazing behavior of sheepshead, which potentially changes during the springtime spawning season.
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Key Contribution: This study presents novel findings regarding the feeding ecology of sheepshead (Archosargus probatocephalus) resident in the northwest Gulf of Mexico. Here, we observed regional differences in the diet of recreationally caught sheepshead, which has implications for coastal food webs where sheepshead are highly abundant.










1. Introduction


Sheepshead (Archosargus probatocephalus) is a commercially and recreationally important species in the Gulf of Mexico (GOM) and western Atlantic Ocean [1]. According to recent reports, the commercial sheepshead fishery industry in the United States and GOM has declined from historic highs of 3.3 million pounds in 1987 to 698,704 lbs in 2021 [2,3]. The dockside price followed a different trend, peaking at USD 0.08/lb in 1973 and settling at USD 0.34/lb in 2003 [3]. Furthermore, sheepshead are often targeted by recreational fishermen and fishing tournaments, although they are not valued as much as other harvested species in the region [3].



Sheepshead primarily inhabit marine waters and are infrequently found in brackish and freshwater ecosystems [4,5]. They are ecologically important as habitat engineers on oyster reefs and other inshore estuarine habitats due to their feeding habits regulating the structure of epifaunal communities [6,7] They are often found near structures because they are primarily grazers, feeding on hard, rough reefs or seagrass [3]. Larval and juvenile sheepshead recruit to shallow water aquatic vegetation, which offers protection and food resources in the form of soft-bodied invertebrates such as copepods, amphipods, and mysid shrimp [4,8]. As sheepshead grow and mature into adults, they undergo an ontogenetic shift to hard-bodied organisms such as barnacles, oysters, and clams [1,4,6,7,9]. Concurrent with their diet shift, as sheepshead grow, they leave the predominantly submerged aquatic vegetation (SAV) environments and move to algae-covered sandy bottoms, oyster beds, jetties, or other hard structures such as natural or artificial reefs [7,10,11]. Additionally, sheepshead in the northern GOM and the northwest Atlantic Ocean form annual spawning aggregations, migrating near channel mouths, jetties, nearshore oil platforms, and offshore reefs from late February through to April [12,13,14]. As they migrate, sheepshead diets can also shift as they move from nearshore to offshore ecosystems where prey items may differ or not be present [15].



Studies investigating the trophic ecology of individual species can provide useful information on sources of primary production and energy pathways [16,17]. Stomach contents serve as indicators of recent (hours to days) feeding and provide detailed information on predator–prey interactions [18]. In contrast, the use of stable isotopes of carbon (δ13C), nitrogen (δ15N), and sulfur (δ34S) provide long-term measurements of diet and are used in determining the source of carbon contribution, trophic position, and habitat use [18,19,20]. δ13C values reflect part of the consumer’s diet and determine the source(s) of primary production, δ15N identifies the trophic level, and δ34S distinguishes between benthic and pelagic foraging strategies [21]. Furthermore, as the turnover time can be a function of the tissue type, comparing isotope values between tissues can be useful for identifying diet shifts from short-term to long-term trends [6,22].



Although the general feeding ecology of sheepshead has received considerable attention, knowledge of how the diet composition of this species spatially differs has only been studied briefly by Cutwa and Turingan (2000) [23], and potential changes in feeding habits in relation to spawning are unknown. This lack of region-specific diet and trophic information highlights the need for more observations on the sheepshead feeding ecology over their geographic range. Therefore, knowledge of the diet of sheepshead in the GOM based on ontogenetic, temporal, and spatial relationships provides a better understanding of the biology and ecology of this species, which can be used by fishery managers.



The objectives of this study were: (1) to compare the feeding patterns of sheepshead between two locations in Texas during the spawning season to determine the level of variation in trophic relationships at a regional scale within the northern GOM; and (2) to understand to what degree the isotopic niches of sheepshead from both locations overlapped.




2. Materials and Methods


2.1. Sample Collection


The samples for this study were collected from two locations along the upper Texas coast (Galveston, TX, USA) and central Texas coast (Port Aransas, TX, USA) in the northwest Gulf of Mexico (NW GOM) during periods of high fish densities and abundances due to spawning aggregations (Figure 1). Sheepshead were opportunistically collected from recreational fishermen in Galveston (n = 35) and Port Aransas (n = 18) from March to April 2017. Sheepshead were collected from jetties, piers, and nearshore oil rigs, based on post-collection angler surveys. The biological information for each sheepshead collected included sex, weight, and total length (TL). Sex was evaluated by visually examining the gonads from the fish, either being testes (male) or ovaries (female). On site, the stomachs were removed from individuals and immediately placed in Whirl-Paks and stored in a freezer. Epaxial muscle tissue anterior to the primary dorsal fin and a piece of the liver were removed from each fish for the stable isotope analysis and stored in a freezer (−20 °C).




2.2. Analysis of Stomach Contents


Before processing, the stomachs were thawed, preserved via a 48 h fixing process in 10% formalin, and then moved into a solution of 70% ethanol for longer-term storage [21]. Each stomach was weighed for the full wet weight (g) before being opened to weigh (g) all contents separately. Stomach contents assumed to be bait based on angler surveys were not included in our analysis or any subsequent steps. All stomach contents were separated with a mesh sieve (size, 500 μm), and all pieces of bone and carapace were then placed in a petri dish and identified to the lowest possible taxon [21]. For smaller, more numerous taxa (i.e., amphipods), the stomach contents were placed in a gridded petri dish and a subsample (10%) was haphazardly selected for enumeration and taxonomic identification. Once identified, all contents were sorted and then dried at 50 °C for 24 h before weighing to the nearest gram.




2.3. Stable Isotope Analysis


A subset of the fish sampled for stomach contents was used for the stable isotope analysis (Galveston n = 20; Port Aransas n = 18). The sample tissues (muscle and liver) were lyophilized for the stable isotope analysis for 48 h in a FreeZone (Labconco) freeze dryer. Lipids were extracted to remove the confounding effects of lipids on stable isotope values via an Accelerated Solvent Extractor 35 (Dionex). For the lipid extraction process, 34 mL of packed cells were used, with the layered tissue samples being separated by 30 mm filter papers (Whatman). Each extraction cycle ran in 5 min saturations with petroleum ether at 100 °C at 105.5 k/cm2 to reach a thermal equilibrium, followed by a flush with fresh solvent. The lipid extraction procedure was repeated a total of three times per cell to ensure the full removal of lipids. Following the lipid extraction, the tissues were homogenized via a Wig-L-Bug grinding mill and encapsulated in 5 × 9 mm tin capsules, which were placed in a 96-well plate and shipped to the Stable Isotope Facility at the University of California at Davis for the analysis. The samples were weighed for the δ13C and δ15N analyses to the nearest 1 mg, whereas the samples for the δ34S analysis were weighed to the nearest 4 mg. At the stable isotope facility, the analysis of δ13C and δ15N was performed using a PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20–20 isotope ratio mass spectrometer (IRMS) (Sercon). The sulfur (δ34S) analysis was performed using an Elementar vario ISOTOPE cube interfaced to a 20–22 IRMS (Sercon). For each analysis, the facility compared heavy isotopes with laboratory standards; carbon was compared via Vienna PeeDee Belemnite, nitrogen was compared via atmospheric N2, and sulfur was compared via Vienna Canon Diablo Trilobite. Stable isotope ratios in a delta notation were presented in the following way:


δX = [(Rsample/Rstandard) − 1] × 1000



(1)




where X is the heavy isotope, Rsample is the ratio of heavy to light isotopes in the sample, and Rstandard is the ratio of heavy to light isotopes in the reference standard.




2.4. Data Analysis


2.4.1. Analysis of Stomach Contents


Analyses of stomach contents were conducted by organizing the taxonomic groups found in the stomachs into the lowest possible taxon. A percent index of relative importance (%IRI) was computed for prey items using percent weight (%W), percent numerical quantity (%N), and percent frequency of occurrence (%O) [24,25]:


IRI = (%N + %W) × %O



(2)






%IRI = (IRIprey/IRItotal) × 100



(3)







Square root-transformed Bray–Curtis resemblance matrices of the percent IRI (%IRI) of the stomach contents identified to the broadest relevant taxonomic category were used to estimate the dissimilarity in diets for sheepshead that were caught in Galveston and Port Aransas. For the dissimilarity analyses, ten taxonomic categories were used: amphipoda, annelida, bryozoan, cnidaria, decapoda, isopoda, mollusca, sessilia, plantae, and unidentified material. To determine if sampling was adequate to describe the diets of sheepshead at each location, species accumulation curves were created. Species accumulation curves were created using random starts permuted 999 times, and were presented using a 95% confidence interval. A permutational multivariate analysis of variance (PERMANOVA) was used to compare the square root-transformed diets (%IRI) of individuals collected between the two locations. Due to the asymmetrical sampling of sheepshead between the regions, we concluded that a nonparametric approach such as a PERMANOVA was the most appropriate due to the potentially violated assumptions necessary for the parametric tests. Additionally, to supplement the PERMANOVA analyses and understand the taxonomic differences in the prey found in individual diets, a similarity percentage analysis (SIMPER) was used based on a ranked similarity to identify which prey taxa in the diets drove the dissimilarity between the locations. To determine if the PERMANOVA results were due to dispersion over location effects, each PERMANOVA test was also analyzed using a betadisper analysis. All dietary analyses were conducted using the vegan package v2.5 in R v4.1.3 [26,27].



The trophic position was quantified for sheepshead from both locations using the trophic positions for prey categories estimated in Cortes (1999) [28]. This was achieved by taking the average %IRI for each group (amphipoda, isopoda, etc.) multiplied by the trophic position for each group estimated in Cortes (1999) [28]. Proportional trophic positions for all groups were then summed to estimate the trophic positions for the sheepshead at each location.




2.4.2. Stable Isotope Analysis


A multivariate analysis of variance (MANOVA) was used to test for differences in the δ13C, δ15N, and δ34S stable isotope values between the sample locations and tissue type. The influence of the independent variables (location and tissue type) was examined for each of the dependent variables (δ13C, δ15N, and δ34S) using a one-way analysis of variance (ANOVA). The significance of the statistical testing was determined at a value of p ≤ 0.05. Prior to the analysis, data for each stable isotope ratio (δ13C, δ15N, and δ34S) for each factor were found to normally distributed and homoscedastic, meeting the assumptions for the parametric analyses.



The trophic niche overlap was estimated for each location and tissue sample using a combination of δ13C, δ15N, and δ34S. Using a Bayesian framework, three-dimensional probabilistic regions that represented 95% of the total niche area were identified with clustering using the nicheRover package [29]. The niche size was estimated using 10,000 Monte Carlo estimates to derive posterior means and 95% credible intervals, followed by an estimation of the niche size by location overlap with an additional Monte Carlo procedure (n = 10,000), where random pairs of niche spaces were compared with the estimate overlap between locations. All analyses were undertaken in R v4.1.3 [27].






3. Results


3.1. Stomach Contents


Of the 53 total stomachs examined (Galveston, n = 35 and Port Aransas, n = 18), 26 of the sheepshead caught in Galveston and 12 from Port Aransas contained identifiable prey items that were used for the statistical analysis. Along with stomachs, a subset of sheepshead tissue samples (Galveston n = 20; Port Aransas n = 18) was also analyzed for stable isotopes. The size ranges and sex ratios varied for the samples from both locations. Sheepshead collected from Galveston ranged from 370 to 506 mm in total length (TL) (18 females (means ± SD), TL = 437.5 ± 34.6 mm; 17 males, TL 410.8 ± 33.1 mm) and samples collected from Port Aransas ranged from 320 to 488 mm in TL (12 females, TL = 397.2 ± 45.3 mm; 11 males, TL 406.5 ± 32.9 mm). All fish caught were adult sheepshead, based on a visual assessment of the gonadal stage, and were larger than the average length at sexual maturity [30].



The percent index of relative importance (%IRI) of the sheepshead diet was similar at both locations based on the taxonomic group, with amphipods being one of the most influential prey items (Table 1). The stomach contents of sheepshead from Galveston primarily comprised amphipods (%IRI = 61.79), with the families Caprellidae and Corophiidae (%IRICaprellidae = 30.68; %IRICorophiidae = 24.38) making up most of the amphipods found. Decapods (%IRI = 7.29) were the second major contributor to sheepshead from Galveston. However, barnacles were the largest contributor to sheepshead from Port Aransas (%IRI = 39.53), with amphipods as their second major contributor (%IRI = 30.19) and decapods as their third identifiable prey (%IRI = 8.03), aside from unidentified matter (%IRI = 16.48) (Table 1).



A total of nine taxonomic groups were identified through an analysis of the stomach contents. Significant differences were observed in the dietary composition of sheepshead collected from the two locations. The PERMANOVA revealed differences between the two locations (F = 14.33; p = 0.001), indicating that the sheepshead collected within each location had different diets from one another. The PERMDISP test for dispersion was nonsignificant (PERMDISP, F = 3.16; p = 0.089), thereby suggesting that the differences observed with the PERMANOVA were due to a location effect rather than dispersion.



The SIMPER analysis showed that amphipods, barnacles, unidentified prey, isopoda, and algae contributed the most to the differences in the diet of sheepshead at each location. In terms of %IRI, amphipods were the main group that drove the differences in the overall diet composition between the sheepshead from both locations. Amphipods made up 36% of the differences between the sheepshead from Galveston and Port Aransas. Barnacles were the second major group, which made up 29% of the dissimilarities; then unidentified material, with 17% dissimilarity; then isopoda (7% dissimilarity) and algae (6% dissimilarity). The rest of the groups found in sheepshead stomachs differed by ≤5% dissimilarity.



The trophic positions (TP) for sheepshead caught in Galveston (TP = 1.99) were estimated using identified prey from the stomach contents and were slightly higher than Port Aransas (TP = 1.83). The TP calculations for the sheepshead were considerably dependent on primary and secondary consumers.




3.2. Stable Isotope Analysis


The results of the MANOVA revealed significant differences in δ13C, δ15N, and δ34S stable isotope values from the muscle tissue of sheepshead in relation to the collection location. Significant differences existed (F1,36 = 22.95; p < 0.05) in the stable isotope ratios (δ13C, δ15N, and δ34S) in the muscle samples for the sheepshead from both locations. The δ13C values indicated a significant difference between locations (F1,36 = 50.80; p < 0.05), with lower δ13C values in the muscle samples of the sheepshead from Galveston ((mean ± SD) −21.46 ± 2.81‰) relative to Port Aransas (−15.50 ± 2.28‰) (Figure 2). The δ15N values were also significantly different in the muscle samples of sheepshead between both locations (F1,36 = 69.08; p < 0.05), with higher δ15N values in the sheepshead from Galveston (18.01 ± 1.74‰) than from Port Aransas (12.57 ± 2.28‰) (Figure 2). Additionally, δ34S had significantly different values at both locations (F1,36 = 30.27; p < 0.05), with higher δ34S values in the muscle samples from the sheepshead collected in Galveston (16.98 ± 1.46‰) than Port Aransas (12.31 ± 3.47‰) (Figure 2).



The same analysis was conducted to test for differences in the δ13C, δ15N, and δ34S stable isotope values found in the liver samples. Similar to the muscle samples, significant differences were found (F1,38 = 16.83; p < 0.05) in the liver samples between the locations. The δ13C values indicated a significant difference between locations (F1,38 = 42.89; p < 0.05), with lower δ13C values in the liver samples in the sheepshead from Galveston (−21.60 ± 2.42‰) than Port Aransas (−17.56 ± 1.53‰) (Figure 3), mirroring the results found in the muscle samples. The δ15N values were also significantly different between locations (F1,38 = 44.20; p < 0.05), with higher δ15N values in the liver samples from the sheepshead collected in Galveston (16.19 ± 1.49‰) relative to Port Aransas (12.38 ± 2.25‰) (Figure 3). Furthermore, the δ34S values were significantly different between both locations (F1,38 = 17.71; p < 0.05), with higher δ34S values in the liver samples found in the sheepshead from Galveston (17.27 ± 2.08‰) compared with Port Aransas (14.05 ± 3.15‰) (Figure 3). The overall results supported the differences in stable isotope values between the locations, with the δ13C values being lower in both the muscle and liver samples from the sheepshead collected in Galveston relative to Port Aransas, whereas the δ15N and δ34S values were higher in both the muscle and liver samples from the sheepshead collected in Galveston relative to Port Aransas.




3.3. Niche Size and Overlap


The niche size was defined by δ13C, δ15N, and δ34S and varied between the sheepshead from both locations and the tissue types. Galveston sheepshead consisted of a larger niche size in the muscle (long-term turnover) samples ((mean + SD) 479.3 ± 131.2) than Port Aransas (178.8 ± 54.3) (Figure 4 and Figure 5). Similarly, the Galveston sheepshead niche size in the liver (short-term turnover) samples were larger (433.3 ± 120.3) than those from Port Aransas (270.0 ± 80.9) (Figure 4 and Figure 6). The niche overlap also varied among the location and tissue type of the sheepshead. The sheepshead from Galveston overlapped with the sheepshead from Port Aransas in the muscle samples by 16.47% (CI2.5 = 6; CI97.5 = 37), whereas the sheepshead from Port Aransas overlapped with the sheepshead from Galveston by 18.49% (CI2.5 = 4; CI97.5 = 34) (Figure 5 and Figure 6). In the liver samples, the sheepshead from Galveston overlapped with the sheepshead from Port Aransas by 18.56% (CI2.5 = 18; CI97.5 = 65), whereas the sheepshead from Port Aransas overlapped with the sheepshead from Galveston by 39.17% (CI2.5 = 7; CI97.5 = 35) (Figure 5 and Figure 6).





4. Discussion


This study examined the trophic interactions and feeding ecology of sheepshead from two different locations on the Texas coast in the NW GOM. Our results highlight the importance of small benthic invertebrates (e.g., amphipods and decapods) in the diet of sheepshead. The findings from this study were consistent with previous studies [6,7,14,15,23,31,32], where examinations of sheepshead stomach contents showed that sheepshead primarily forage on amphipods, barnacles, and plant matter. Multiple species of amphipods made up the majority of the prey items in the sheepshead from Galveston (%IRI = 61.79), whereas barnacles were the primary diet item for the sheepshead collected in Port Aransas (%IRI = 39.53). We estimated a higher trophic position for the sheepshead caught in Galveston (TP = 1.99) than Port Aransas (TP = 1.83) by a value of 0.16, using identified prey from the stomach contents. The differences between the sheepshead from Galveston and the sheepshead from Port Aransas were visible in δ13C, δ15N, and δ34S, which persisted in both the muscle and liver. δ13C was lower, and δ15N and δ34S were higher in the samples from Galveston than Port Aransas. A disparity in δ13C values was previously observed by TinHan and Wells (2021) [33], where they observed values of δ13C having latitudinal trends increasing from north to south. This was similar to our study, which showed that the δ13C values in Galveston were much lower than those in Port Aransas. Discrepancies can be driven by numerous factors such as the consumption/assemblage of prey, location differences of primary production sources, and trophic level [33].



In this study, the main prey organism of the sheepshead collected from Galveston was amphipods, whereas barnacles were the main prey for the conspecifics collected from Port Aransas. The differences in the overall prey assemblage in the sheepshead stomachs from both locations were congruent with those of Cutwa and Turingan’s (2000) [23] study of sheepshead from two distinct locations in a Florida estuary. Cutwa and Turingan (2000) [23] observed a difference in the consumption of hard-body prey organisms (barnacles) between locations. Differences in the prey assemblage between locations could be attributed to abiotic factors such as salinity, dissolved oxygen, depth, sediment, upwelling, estuarine runoff, or temperature as they have been observed to play critical roles in the biomass and density of marine organisms in platforms found in the GOM [31,34,35,36,37,38,39]. A lower salinity in Galveston than Port Aransas [40] could explain the differences in the fouling communities present at each location and, thus, the trophic position of the sheepshead. Consequently, general inferences on the feeding style of sheepshead could be made based on the stomach contents from both locations. Sheepshead from Galveston feeding primarily on amphipods could reflect a greater benthic contribution because amphipods have been recorded in benthic habitats in the GOM [41]. In contrast, the Port Aransas sheepshead showed more suspension feeding due to feeding more heavily on barnacles, which tend to be higher in the water column attached to platforms [22]. However, sheepshead have been documented to forage in and near oil and gas platforms [6] and in nearshore and offshore habitats [7,15], but they are found in most habitats in the GOM, including brackish estuaries, bayous, and saltwater bays or structures with marine growth [3]. In this study, the sheepshead were caught in a variety of habitats and artificial reefs in nearshore and offshore ecosystems, so it was not possible to make a direct habitat link.



Although habitat types and environmental conditions influence the type of prey assemblage found, they also influence the trophic position due to changes in foraging, prey variation, abundance, and diversity [42,43,44,45,46]. The GOM has many artificial reefs that serve as important habitats for marine fish that also function as important foraging grounds [6,47]. Artificial reefs such as jetties and oil platforms provide habitats and foraging locations for both sessile and mobile organisms that sheepshead are known to prey on. Most of these structures consist of piles of unconsolidated rocks and rubble, which provide fish with equal or greater refuge from predation than naturally occurring reefs [48,49]. Furthermore, the biodiversity and abundance of epibiota and sessile organisms (i.e., algae, oysters, mussels, and barnacles) are not inherently different from natural shorelines [48]. Therefore, nearshore protection structures provide similar ecological services to epibiota communities, which in turn provide resources to commercially and recreationally important fish species [17,49,50,51], including sheepshead.



The isotopic signatures varied between locations (Galveston and Port Aransas) and by tissue (muscle and liver) samples for the sheepshead. δ13C was highest in the sheepshead samples from Port Aransas, where the waters have a higher salinity than in Galveston. A positive relationship between salinity and measures of δ13C has been reported in previous studies [52,53]. The positive relationship between salinity and δ13C along the coast of Texas is likely caused the by freshwater inflow and terrestrial carbon that increase the δ13C in the dissolved inorganic carbon pool [53]. It has been documented in other studies that salinity increases from north to south in the Texas region, explaining the lower salinity gradient found in Galveston than Port Aransas [40]. Similarly, seagrass coverage (13C-enriched producers) also increases from north to south, which could cause the δ13C values to be higher in Port Aransas [53]. In northern regions such as Galveston, much of the organic matter is derived from phytoplankton or other sources of primary production such as salt-marsh plants or algae [53]. However, the lower δ13C values in Galveston sheepshead could also be explained by the salinity and estuarine runoff, which have been linked to an influence in isotope composition [53]. Although we did not directly measure salinity or other environmental parameters, the mean salinity differed between the two study locations [54].



However, the δ13C and δ15N values were higher in the muscle samples than the liver samples for the sheepshead from both locations, whereas the δ34S values were higher in the liver samples than the muscle samples, suggesting a landward–seaward movement [55]. As mentioned earlier, the waters surrounding Port Aransas are more saline than those surrounding Galveston, and there is substantially less freshwater input into the water surrounding Port Aransas [40]. It has been documented that consumers exhibit variable δ15N values, which are associated with salinity [56]. Matich et al. (2021) [56] found that there was a negative relationship between δ15N and salinity in areas where 15N-enriched nitrogen was increased, indicating that 15N-enriched nitrogen may influence the base of food webs. Similarly, the values of δ15N varied among the estuaries sampled in the Gulf of Mexico, which may explain the differences observed in this study [33]. Estuarine ecotones such as those created at the interface of freshwater and saltwater are related to substantially higher biodiversity than marine water or freshwater alone [57]. If sheepshead do make a landward to seaward shift at either location (Galveston or Port Aransas), as the δ34S isotopic values suggest, sheepshead could be traversing this ecotone to areas of differing biodiversity, specifically as they relate to the sheepshead’s prey field. Understanding this movement is especially important when evaluating the ecological roles that sheepshead play—specifically, during annual spawning aggregations—and should be an area of future study.



The isotopic niche size and overlap varied between the sheepshead from both locations and tissue types, which may be an indication of differences in the relative abundance of prey and migration of sheepshead. Sheepshead are omnivores that feed primarily on invertebrates [1,23] and occasionally small vertebrates and plant matter [23,58,59]. As the generalized diets of sheepshead are related to the regional community composition of the benthic prey assemblage, regional differences in the assemblage may explain why the Galveston specimens had larger isotopic niches in the muscle (by 3%) and liver (by 1.6%) samples than Port Aransas. The proportionally low overlap (muscle average, 25.72% and liver average, 38.15%) in the isotopic niche between the regions was surprising given the relative importance of similar prey items, although this may be attributed to the difference in dominant prey items between regions or migratory behavior. Differences in prey items may be due to regional environmental differences in primary production at the base of food webs, as mentioned previously. Between the short-term turnover tissues (liver) and long-term turnover tissues (muscle), there was an apparent niche contraction from long-term to short-term for the Galveston samples (479.3 muscle and 433.3 liver; Δ = −9.6%). This was reversed for Port Aransas, where the sheepshead niche expanded from the long-term to the short-term (178.8 muscle and 270.0 liver; Δ = 51%). This may also be due to the differences in foraging locations between Galveston Bay and Port Aransas.




5. Conclusions


In conclusion, the feeding patterns measured using stomach contents and stable isotope values differed between sheepshead from Galveston and Port Aransas, similar to other studies that observed sheepshead collected from different locations [6,7,14,15,23,31,32]. Potentially, sheepshead feed heavily at spawning sites for months before they begin to spawn and continue to do so during the spawning season. This study showed the diet composition of sheepshead during the spawning season, but the differences observed in this study could be temporally broad due to diet changes that occur from December, when they begin to aggregate for the spawning season. Therefore, a more structured, spatiotemporal study may elucidate finer-scale ontogenetic shifts in diet in relation to spawning.
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Figure 1. Study locations in the northwest Gulf of Mexico. Map of locations where sheepshead were caught on nearshore structures in Galveston and Port Aransas, TX, are labeled. 
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Figure 2. Niche separation of sheepshead using stable isotope values (δ13C, δ15N, and δ34S) measured in muscle samples. Six comparisons were made across each of the three stable isotope values (δ13C vs. δ15N, δ34S vs. δ15N, and δ13C vs. δ15N) as well as single isotope values. The bottom left shows the depictions of the raw data as a simple biplot and diagonally are the distributions for sheepshead from both locations for single isotope values. The upper right-hand corner shows 10 random draws of niche region that were estimated using each combination generated using Monte Carlo resampling. 
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Figure 3. Niche separation of sheepshead using stable isotope values (δ13C, δ15N, and δ34S) measured in liver samples. Six comparisons were made across each of the three stable isotope values (δ13C vs. δ15N, δ34S vs. δ15N, and δ13C vs. δ15N) as well as single isotope values. The bottom left shows the depictions of the raw data as a simple biplot and diagonally are the distributions for sheepshead from both locations for single isotope values. The upper right-hand corner shows 10 random draws of niche region that were estimated using each combination generated using Monte Carlo resampling. 
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Figure 4. Niche overlap measured pairwise across sheepshead from both locations. Niche overlap was estimated using the 95% confidence interval of the total niche size using 10,000 random Monte Carlo draws of the niche size derived from the combined stable isotope (δ13C, δ15N, and δ34S) values measured in muscle samples. Additionally, niche size was determined as row over column to estimate the proportion of sheepshead from one location (row) that was overlapped by sheepshead from another location (column). 
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Figure 5. Posterior distribution of niche size. The distribution was determined from the variance matrix of normally distributed niche axes using δ13C, δ15N, and δ34S measured in muscle samples (dark purple and bright red) and liver samples (transparent purple and transparent red). 
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Figure 6. Niche overlap measured pairwise across sheepshead from both locations. Niche overlap was estimated using the 95% confidence interval of the total niche size using 10,000 random Monte Carlo draws of the niche size derived from the combined stable isotope (δ13C, δ15N, and δ34S) values measured in liver samples. Additionally, niche size was determined as row over column to estimate the proportion of sheepshead from one location (row) that was overlapped by sheepshead from another location (column). 
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Table 1. IRI table showing percent number (%N), percent weight (%W), percent occurrence (%O), and percent index of relative importance (%IRI) of prey items found in sheepshead stomachs from Galveston, TX (n = 23) and Port Aransas, TX (n = 18). Values for %O in parentheses were observed nonadded values (i.e., corresponding with a particular food type, not the sum of its components). Values for IRI and %IRI in parentheses were calculated using observed nonadded %O values.
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Taxonomic Group

	
Taxa

	
%N

Number

	
%W

Weight

	
%O

Occurrence

	
%IRI




	

	

	
Galveston

	
Port Aransas

	
Galveston

	
Port Aransas

	
Galveston

	
Port Aransas

	
Galveston

	
Port Aransas






	
AMPHIPODA

	

	

	

	

	

	

	

	

	




	

	
Bateidae

	
0.21

	
1.10

	
0.01

	
0.01

	
2.76

	
2.27

	
0.03

	
0.10




	

	
Caprellidae

	
30.92

	
0.98

	
12.16

	
0.01

	
15.86

	
2.27

	
30.68

	
0.09




	

	
Corophiidae

	
32.84

	
36.67

	
2.95

	
2.76

	
15.17

	
15.91

	
24.38

	
24.12




	

	
Gammaridae

	
9.85

	
5.26

	
0.96

	
0.05

	
8.28

	
4.55

	
4.02

	
0.93




	

	
Unidentified

	
2.29

	
9.41

	
0.39

	
0.33

	
2.76

	
2.27

	
0.33

	
0.85




	

	
Total (total %O nonadded)

	
76.12

	
53.42

	
16.48

	
3.16

	
44.83 (23.71)

	
27.27 (17.95)

	
186.3 (61.79)

	
26.08 (30.19)




	
ANNELIDA

	

	
0.01

	
0.00

	
0.00

	
0.00

	
1.00

	
0.00

	
0.00

	
0.00




	
BRYOZOAN

	

	
0.00

	
0.24

	
0.00

	
0.11

	
0.00

	
5.13

	
0.00

	
0.05




	
CNIDARIA

	

	
0.02

	
0.00

	
0.03

	
0.00

	
2.06

	
0.00

	
0.00

	
0.00




	
DECAPODA

	

	

	

	

	

	

	

	

	




	

	
Portunidae

	
0.18

	
0.24

	
0.94

	
0.08

	
3.45

	
4.55

	
0.17

	
0.06




	

	
Unidentified

	
14.81

	
32.03

	
1.47

	
2.75

	
6.21

	
2.27

	
4.54

	
3.04




	

	
Total (total %O nonadded)

	
15.00

	
32.27

	
2.42

	
2.83

	
9.66 (9.28)

	
6.82 (7.69)

	
7.55 (4.55)

	
3.10 (8.03)




	
ISOPODA

	

	
2.76

	
1.47

	
0.25

	
0.01

	
16.49

	
7.69

	
1.40

	
0.34




	
MOLLUSCA

	

	

	

	

	

	

	

	

	




	

	
Bivalvia

	
0.02

	
1.47

	
1.44

	
15.16

	
2.07

	
6.82

	
0.14

	
4.36




	

	
Gastropoda

	
0.02

	
0.00

	
0.24

	
0.00

	
1.38

	
0.00

	
0.02

	
0.00




	

	
Total (total %O nonadded)

	
0.05

	
1.47

	
1.68

	
15.16

	
3.45 (4.12)

	
6.82 (7.69)

	
0.27 (0.20)

	
4.36 (3.80)




	
SESSILIA

	

	
1.31

	
5.01

	
8.63

	
52.61

	
11.34

	
23.08

	
3.17

	
39.53




	
OTHER

	
Plantae

	
0.08

	
0.49

	
56.54

	
4.71

	
11.34

	
10.26

	
18.07

	
1.58




	
UNIDENTIFIED

	

	
4.67

	
5.62

	
13.96

	
21.41

	
20.62

	
20.51

	
10.81

	
16.48
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